ABSTRACT Here, we present a structural and dynamic description of CBP-ID4 at atomic resolution. ID4 is the fourth intrinsically disordered linker of CREB-binding protein (CBP). In spite of the largely disordered nature of CBP-ID4, NMR chemical shifts and relaxation measurements show a significant degree of a-helix sampling in the protein regions encompassing residues 2-25 and 101-128 (1852101-128 ( -1875101-128 ( and 1951101-128 ( -1978. Proline residues are uniformly distributed along the polypeptide, except for the two a-helical regions, indicating that they play an active role in modulating the structural features of this CBP fragment. The two helical regions are lacking known functional motifs, suggesting that they represent thus-far uncharacterized functional modules of CBP. This work provides insights into the functions of this protein linker that may exploit its plasticity to modulate the relative orientations of neighboring folded domains of CBP and fine-tune its interactions with a multitude of partners.
INTRODUCTION
Large proteins are often composed of several folded domains separated in the primary sequence by flexible linkers. Although folded domains are generally well characterized at atomic resolution, only little information is available for linkers. These protein segments seldom crystallize, and it is often quite challenging to characterize them by NMR spectroscopy because of their peculiar amino acid composition and their structural and dynamic properties. However, it is unlikely that linkers play passive connecting roles only, because they often constitute as much as half of the primary sequence of complex proteins. In fact, their amino acid sequences often show functional features such as interaction motifs, posttranslational modification (PTM) sites, and conservation in the primary sequence across species (1, 2) . To learn more about the role of these protein elements, it is important to characterize them experimentally by exploiting recently developed NMR tools (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . With this in mind, we decided to focus on a well-studied key protein in biological systems, the transcription factor CREB-binding protein (CBP).
CBP and its paralog p300 are transcriptional co-regulators that integrate signals from numerous signal transduction pathways and play critical roles in basic cellular processes ranging from development and differentiation to DNA repair (15) . Their biological function is related to their ability to interact with a large number of proteins through multiple protein-interaction domains, as well as to their acetyl-transferase activity. There are seven autonomous folded domains in CBP/p300, the 3D structures of which have been determined in recent years by x-ray crystallography or NMR (16) (17) (18) (19) (20) (21) (22) (23) (24) . Four of these domains (transcriptional-adaptor zinc-finger-1 (TAZ1), plant homeodomain (PHD), zinc-binding domain near the dystrophin WW domain (ZZ), and transcriptionaladaptor zinc-finger-2 (TAZ2)) require zinc(II) ions to adopt a stable fold. The other folded domains are the KID-binding domain (KIX), bromodomain, and histone acetyl-transferase domain (HAT). Another domain, named nuclear-receptor coactivator-binding domain (NCBD), is intrinsically disordered but folds upon binding to its partner (s) .
Regions between the CBP folded domains represent more than 50% of the total 2,442 residues of the protein, and these are predicted to be mostly intrinsically disordered (25) . In fact, the folded domains listed above are spatially separated by five linkers of different lengths, denoted as CBP-ID# (where ID stands for intrinsically disordered and # represents the number of the linker), which have not yet been characterized at atomic resolution. Very little is known about their structural and functional roles, which may range from maintaining a specific distance between the various folded domains to fine-tuning and modulating interaction processes. The latter possibility is supported by the fact that the primary sequence of CBP linkers is well conserved in evolution.
The amino acid composition of CBP linkers is biased toward disorder-promoting amino acids, as typically found in the case of intrinsically disordered proteins (IDPs) (26) (27) (28) .
Overall, they contain a high proportion of prolines (16%), glutamines (15%), serines (11%), glycines (9%), and alanines (9%). In particular, CBP-ID4 and CBP-ID5 exhibit the most distinctive amino acid composition, since almost 40% of their primary sequences consists of prolines and glutamines.
In this work, we used NMR spectroscopy to characterize CBP-ID4, the 207-residues-long linker (CBP residues 1851-2057) located between the TAZ2 and NCBD domains. Among all CBP linkers, ID4 contains the highest percentage of proline residues (22%) and is predicted to be intrinsically disordered-two aspects that make it a challenging target for NMR. To obtain its sequence-specific assignment, we thus used a strategy tailored for IDPs, combining 1 H and 13 C detection and multidimensional experiments (see Konrat (14) , Felli and Pierattelli (29) , Nová cek et al. (30) , and references therein), which resulted in a complete NMR characterization of this linker.
We believe the findings described in this work will lead to a deeper understanding of the roles of CBP linkers, and demonstrate that NMR can provide a wealth of information about IDPs that is difficult to access with other techniques.
MATERIALS AND METHODS

Protein expression and purification
The recombinant vector pET21a-CBP-ID4 containing the human CBP-ID4 native gene was transformed into E. coli BL21 (DE3) for protein expression. For N-labeled protein production, a colony from a freshly transformed plate was selected to inoculate in LB medium (50 mL) containing ampicillin and was grown overnight at 37 C and 180 rpm. Cells from the overnight LB growths were diluted 1:100 into 4 L of LB medium and grown at 37 C with constant agitation at 160 rpm. Once an OD600 of 0.7-0.8 was reached, the cells were gently centrifuged at 4500 rpm for 20 min. The pellet was resuspended in 1 L of minimal medium (48.5 C 6 -glucose), and grown at 37 C for 1 h with constant agitation at 160 rpm according to the method of Marley et al. (31) . The cells were induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside and allowed to grow for an additional 4 h at 30 C. The culture was then harvested at 8000 rpm for 20 min and the pellet was stored at À20 C. Frozen cells were thawed and suspended in 45 mL of equilibration buffer A (50 mM MES, 10 mM EDTA, 20 mM NaCl, pH 5.5). Cells were disrupted by sonication on ice (at 80% sonication power) with cycles of 6 s with 4 s delay pulses for 25 min. Lysed cells were centrifuged at 40,000 rpm for 40 min at 4 C and the supernatant (z40 mL) was warmed at 80 C for 20 min to remove contaminants. This solution was spun at 8000 rpm for 20 min at 4 C and the supernatant was filtered through a 0.22 mm pore membrane in preparation for the purification steps. Cation exchange chromatography was performed on a 6 mL Resource S column (GE Healthcare) preequilibrated with buffer A. A linear gradient between buffer A and buffer B (buffer A with 0.5 M NaCl) was applied over 20 min at a flow rate of 2.5 mL/min. The CBP-ID4 was eluted with a salt concentration of~300 mM. Fractions were analyzed by SDS-PAGE and those containing the target protein were concentrated up to 2 mL. The sample was further purified by gel filtration on a Hiload 16100 Superdex 75 (GE Healthcare) in 20 mM potassium phosphate buffer at pH 6.5, 100 mM NaCl, 50 mM EDTA. The fractions containing pure CBP-ID4 were concentrated up to 2 mL and stored at 4 C for biophysical analysis. Mass spectrometry (matrix-assisted laser desorption ionization) was performed to confirm the molecular mass of purified CBP-ID4.
NMR samples
All multidimensional NMR experiments for sequence-specific assignment were performed on a sample of 0.6 mM uniformly 13 C, 15 N-labeled human CBP-ID4 in 20 mM potassium phosphate buffer, 100 mM KCl at pH 6.5, with 10% D 2 O added for the lock. 15 N relaxation experiments were acquired on 0.5 mM uniformly 15 N-labeled human CBP-ID4 under the same experimental conditions. For all experiments, 3 mm NMR sample tubes were used to reduce the detrimental effects of the high salt concentration. N frequencies, equipped with a cryogenically cooled probe head optimized for 13 C-direct detection. 2D BEST-TROSY (BT) (11, 36) , 3D BT-HNCO (11, 37, 38) , 3D BT-HN(CA)CO (11, 38) , 3D BT-HNCACB (11, 38) , 3D BT-HN(CO)CACB (11, 38) N frequencies, equipped with a cryogenically cooled probe head.
NMR data acquisition
The parameters used for all of the experiments are reported in Tables S1-S5 in the Supporting Material. All data sets were acquired using Bruker TopSpin 1.3 or 3.1 software. 3D, 4D, and 5D experiments for sequence-specific assignments were performed using on-grid nonuniform sampling (NUS). The on-grid Poisson disk sampling scheme (47) was chosen to generate time schedules using the RSPack program (available at http:// nmr.cent3.uw.edu.pl). The distribution was relaxation optimized, i.e., the density of points decayed according to the Gaussian distribution exp(Àt 
NMR data processing and analysis
Conventionally sampled NMR data sets were processed using Bruker TopSpin 1.3 software. When NUS was employed, the NMR data were converted with nmrPipe (48) and then processed using either the multidimensional Fourier transform (MFT) algorithm (for 3D data sets) or the sparse MFT (SMFT) algorithm (for 4D/5D data sets) implemented in the ToASTD (49) and reduced (50,51) programs, respectively (both programs are available at http://nmr.cent3.uw.edu.pl).
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The Fourth Disordered Region of CBPCARA (52) and Sparky (53) were used to analyze 3D and 4D/5D spectra, respectively, and CcpNmr Analysis (54) was employed to analyze 15 N relaxation data.
The secondary-structure propensity (SSP) was determined from the heteronuclear chemical shifts by using the neighbor-corrected structural propensity calculator (ncSPC) tool (55) (available online at http://nmr.chem. rug.nl). The Tamiola, Acar, and Mulder random coil chemical-shift library (56) was chosen for the analysis.
Theoretical helical propensities were calculated using the Agadir algorithm (57-61) (available online at http://agadir.crg.es). For the calculation, we set the pH to 6.5, the temperature to 283.0 K, and the ionic strength to 0.1 M.
Intrinsic protein disorder was predicted with the use of the IUPred (62) and PONDR-FIT (63) tools (available at http://iupred.enzim.hu and http://www.disprot.org, respectively).
For the conservation analysis, we assembled a comprehensive data set of 39 experimentally validated homologous amino acid sequences by performing a PSI-BLAST (64) against the nonredundant protein data set of the National Center for Biotechnology Information. The query sequence was the ID4 segment of the human CBP protein (residues 1852-2057; UniProt ID: Q92793), and the retrieved sequences covered all major vertebrate taxonomic groups ranging from mammals to fish. A multiple sequence alignment was generated using MAFFT (65) and then used as input for the sequenceand disorder-conservation analysis. We used the local version of the DisCons tool to analyze the multiple sequence alignment (66) . DisCons was used with default parameters, namely, predicting disorder with IUPred and quantifying the sequence conservation with Jensen-Shannon divergence.
The maximum allowed fraction of gaps for a position was set to 0.6.
The presence of linear motifs and functional sites was investigated by using the Eukaryotic Linear Motif (ELM) computational biology resource (67) (available online at http://elm.eu.org).
Potential serine, threonine, and tyrosine phosphorylation sites were predicted with the use of NetPhos 2.0 (68) (available online at http://www.cbs. dtu.dk). Potential kinase-specific phosphorylation sites were predicted with the use of NetPhosK 1.0 (69) (available online at http://www.cbs.dtu.dk).
To obtain an ensemble description of the protein linker under investigation, we generated 10,000 conformers using the program flexible-meccano (70) (available online at http://www.ibs.fr). The SSP score calculated from experimentally measured chemical shifts was used as input in the calculation to allow the generation of conformers whose backbone dihedral angles deviated substantially from those typically found in pure random coils. The ensemble and the underlying data were deposited in the Protein Ensemble Database (http://pedb.vib.be) (71) under accession ID PED5AAE.
RESULTS AND DISCUSSION NMR sequence-specific resonance assignment
The 2D BEST-TROSY and 2D CON-IPAP fingerprint spectra of CBP-ID4 are reported in Fig. 1 . The 1 H-15 N correlation spectrum exhibits all of the peculiar NMR features of an IDP, namely, a reduced chemical-shift dispersion that is particularly pronounced in the 1 H dimension, and a high degree of signal crowding. The 2D CON-IPAP spectrum benefits from the larger spectral width in the 15 N dimension, which includes signals due to the proline residues' nitrogen nuclei, and the fact that the experiment provides interresidue correlations, which are more resolved than intraresidue ones (72) . A series of triple-resonance 3D/4D/5D NMR experiments (see Materials and Methods) specifically designed for IDPs, exploiting either 1 H N or 13 C detection, were performed. NUS (73) was exploited to reduce the experimental time while preserving high spectral resolution in the indirect dimensions (74) . The 13 C-detected 3D and 4D spectra (34, 35) provided key information that allowed us to achieve a sequence-specific assignment of this proline-rich IDP. 3D BT triple-resonance experiments (11) were performed to obtain the complementary information needed to complete the assignment. 
NMR characterization
We investigated the presence of SSP within CBP-ID4 by comparing experimentally measured heteronuclear chemical shifts (N, C 0 , C a , and C b nuclei) with the corresponding random coil values (55) . The obtained differences (Fig. 2) are distributed around zero, consistent with the disordered (Fig. 3) provide complementary information to detect a contingent residual structural propensity along the polypeptide chain, and therefore are often used in structural characterizations of chemically unfolded proteins or IDPs (76) (77) (78) (79) (80) . The obtained average value of~7 Hz is similar to values obtained for flexible proteins and other disordered peptides (79, 80) . Only two protein regions (residues 13-16 and 106-118) substantially deviate from this trend, corresponding to those of highest predicted a-helical propensity. Therefore, conformations with values for the angle 4 toward 60 are increasingly being populated in these protein regions. Interestingly, residues 92-99 also show significantly lower values, suggesting that a certain amount of structural organization may be present there as well, as revealed by the SSP analysis (Fig. 2) . From the 3 J HN-Ha values alone, it is not possible to conclude whether this includes canonical a-helical or polyproline type II (PPII) structures (81, 82) .
We investigated the backbone dynamics of CBP-ID4 by measuring the 15 
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The Fourth Disordered Region of CBPregions encompassing residues 2-25 and 101-128, confirming a reduced flexibility in these regions, which likely is related to the observed a-helical propensity (Fig. 2) . Interestingly, the magnitude of the 15 N R 2 values indicates that the transient a-helix located between residues 101-128 is more rigid than that comprising residues 2-25. The 15 N-1 H NOE values reveal that the fragments separating the two partially populated a-helices are highly flexible, with the first fragment (residues 26-103) being more flexible than the second one (residues 129-207).
We investigated local solvent accessibility by monitoring H 2 O exchange processes for backbone amide protons (45) . The results, reported in Fig. 5 , show that the exchange effects are overall very pronounced, becoming operative for the majority of the residues after only 16 ms of mixing time (t m ). Notably, the two protein regions that exhibit a significant a-helical propensity (in particular the one encompassing residues 101-128, which is more rigid by 15 N R 2 measurements) appear to exchange less with the solvent. In contrast, the other residues of the polypeptide chain are characterized by a high solvent-exchange effect.
We investigated the temperature dependence of CBP-ID4 by acquiring a series of 2D BEST-TROSY and 2D CON-IPAP spectra in the range of 283.0-308.0 K (shown in Figs. S2 and S3 ). These spectra enabled us to transfer the resonance assignments obtained at 283.0 K to the other temperatures by following the chemical-shift changes of the crosspeaks with temperature. A 3D (H)CBCACON-IPAP experiment was performed to confirm the signal assignments at 308.0 K.
The different crosspeak intensities in the 2D BEST-TROSY NMR spectra acquired at 308.0 and 283.0 K are reported in Fig. 6 a. The majority of crosspeaks become weaker or broadened with increasing temperature as a consequence of the higher rate of amide proton exchange with the solvent protons. In contrast, the signals belonging to residues 101-128 (those exhibiting a significant propensity to form a-helix) become more intense at high temperature. This evidence suggests that this protein region is less affected by chemicalexchange processes and benefits from an improved correlation time resulting from the faster rotational tumbling. Interestingly, the opposite behavior is observed in the other protein region characterized by a high a-helix propensity (residues 2-25): it is destabilized by increasing temperature and experiences a decrease in signal intensities similar to that observed for the other unstructured regions of the protein.
Correlations between amide proton temperature coefficients (DdH N /DT) and hydrogen bonds (83, 84) were also investigated (Fig. 6 b) . Less negative temperature coefficients are clustered in the two protein regions that exhibit a higher propensity to form a-helix, in agreement with the results of the other analysis. In particular, in the case of the transient a-helix encompassing residues 101-128, the great majority of amide proton temperature coefficients are less negative than À4.6 ppb/K, which is considered the threshold below which the presence of intramolecular hydrogen bonds can be excluded with a predictive value of 85% (84) . Therefore, transient intramolecular hydrogen bonds are likely to be present in this protein region, which again appears to be more structured than the region comprising residues 2-25.
Structural and dynamic properties of CPB-ID4
The overall picture that emerges from this high-resolution experimental characterization of the structural and dynamic properties of CBP-ID4 reveals two well-defined, partially populated helical fragments, termed helix I and helix II, that display significantly different properties and are separated by segments characterized by high local flexibility. It is interesting to note that prolines, the most abundant amino acid in CBP-ID4 (22%), are distributed quite uniformly throughout the protein primary sequence (Fig. 1 a) , with the exception of the two parts of the protein that exhibit an a-helical propensity (Fig. 2) . Proline residues may be selected against in the a-helical segments because of their helix-breaking properties: their peculiar side chain disrupts the H-bond network and interferes with the backbone helical packing of adjacent residues. Furthermore, it can be noted that seven proline residues are clustered in the region immediately preceding the inner transient helix II, suggesting that they are involved in its stabilization. In fact, it has been reported that prolines present in proximity to the so-called prestructured motifs (85) of IDPs are very important for promoting and delimiting these motifs (86) . Therefore, the prolines flanking helix II (residues 101-128) seem to play a specific structural role (87) . This would also explain why this partially structured protein region appears to be more stable than that comprising residues 2-25, which in the full-length CBP is preceded by a structured domain but here is unrestrained.
The degree of a-helical propensity could play an important role in providing specific patterns for partner recognition through a specific surface provided by the helix itself, as shown by several different examples in the literature (25, 88, 89) . On the other hand, the transition from a random-coil, extended conformation of the protein backbone to partially formed helices represents a more drastic local change for backbone dihedral angles, with the helical conformation constituting the most compact one (1.5 Å shortening for each amino acid part of the helix with respect to an elongated conformation). The presence of the secondary-structure element can also reduce the degree of freedom of the polypeptide, which cannot freely bend to form compact structures. Therefore, the extent of local helical propensity could serve to modulate the overall length of a specific polypeptide fragment with local cooperative changes in backbone dihedral angles. In this way, the insertion of a partially populated helical segment in between largely random-coil backbone fragments (e.g., as observed in the case of CBP-ID4) could provide a means to modulate the overall length and orientation of the linker itself.
To visualize the possible conformers that populated the ensemble of structures in dynamic equilibrium in solution, we used the SSPs determined experimentally for CBP-ID4 as input to calculate an ensemble of conformers via the program flexible-meccano (70), using the statistical coil potential proposed for IDPs. The computed ensemble shows a great variability in the overall radius of gyration (Fig. S4) , in agreement with the idea that flexible linkers can indeed fine-modulate the relative distance between folded units. One can inspect the obtained structures locally to evaluate the properties of the partially populated helical conformers (PED ID: PED5AAE). In the case examined here, the two regions characterized by SSPs feature quite different compositions in terms of the constituent amino acids, which has an impact on the properties of the partially populated helices. In particular, helix I (2-25) is characterized by the presence of several charged amino acids, resulting in an overall positive electrostatic potential (Fig. 7 e) , with a quite peculiar methioninerich patch on one side (three methionine residues quite close to each other on the helix surface; Fig. 7 d) . In contrast, helix II (101-128) has an overall hydrophobic surface (Fig. 7 i) with some charged residues (three positive arginine residues and three negative glutamic acids residues; Fig. 7 h) . Therefore, the two partially populated helical elements provide significantly different modules for protein-protein interactions. Both helices share a large number of polar amino acids, with a predominance of glutamine residues, which may promote the stability of these two segments.
Although CBP-ID4 has not been characterized in detail before, the crystal structure of the TAZ2 domain of human p300, the paralog of CBP, was solved in a previous study (19) . The construct used in that study, in addition to the TAZ2 domain, included at its C-terminus 21 residues of the subsequent linker, which is homologous to the initial part of CBP-ID4 (16/21 residues are conserved in the two protein sequences). Specifically, these residues correspond to residues 1-21 of CBP-ID4, which are identified as exhibiting significant a-helical propensity. Interestingly, in the crystal structure, these residues assume an a-helix conformation, which extends outside the globular structure of the TAZ2 domain. Furthermore, it has been reported that such an a-helix contributes actively to the binding of p300 to the transcription factor myocyte enhancer factor 2 (MEF2) (90) . This observation fits with the general notion that IDPs often function by binding to partner molecules via structural elements that are dynamically sampled in the disordered ensemble (91) . Such motifs are conserved structural/functional elements of IDPs, and their presence can be concluded from the structural propensity of certain regions of the IDP chain.
Prediction of functional regions within CBP-ID4
It is interesting to compare the picture that results from our experimental characterization of CBP-ID4 with all of the information that can be predicted on the basis of the primary Biophysical Journal 110(2) 372-381 sequence, including the local propensities for local order/ disorder, the local secondary structure, and the interaction motifs or PTM sites.
The significant local propensity for secondary structure that was observed in the ensemble model can hint at the presence of binding motifs within the helical regions, as are often seen in IDPs (92, 93) . Furthermore, the potential functional importance of the two helical regions should also be manifested by their sequence conservation. Therefore, we collected and aligned 39 CBP sequences and used the DisCons online tool to quantify the conservation of the amino acid sequence and the structural disorder (66) (Figs. 8 and S5 ). The position-specific conservation scores of the amino acid sequence of regions 2-25 and 101-128 are consistently high, and in fact are higher than the conservation of disorder, which is suggestive of their functional importance and might indicate that these segments act as molecular-recognition sites, which are known to have higher sequence conservation and lower disorder with respect to their flanking regions (66) .
We used the ELM database (67) to identify the presence of short linear motifs (SLiMs) in the sequence, since SLiMs are known to be involved in recognition and targeting processes (94) . By definition, they are highly specific, short structural/functional elements of 3-10 amino acids, mostly located in intrinsically disordered regions of proteins, which are able to mediate protein-protein interactions without the need of a stable 3D structure. Remarkably, more than 95% of the SLiMs identified by ELM are located in the most disordered regions of CBP-ID4 (Fig. S6 a) .
The positions of potential serine, threonine, and tyrosine phosphorylation sites of CBP-ID4 were also identified using NetPhos 2.0 (68), an artificial neuronal network-based method for predicting phosphorylation sites. The importance of PTM sites derives from their frequent involvement in the modulation of protein functions (95) (96) (97) (98) . Similarly to SLiMs, the recognized sites (Fig. S6 b) are distributed exclusively along the most flexible regions of the protein, and are excluded from the two a-helical segments. In particular, several identified phosphorylation sites are located in the region 26-103, which according to the 15 N-1 H NOE analysis is the most flexible region of the entire protein (Fig. 4 c) . Therefore, we can infer that the negligible secondary-structure content of this protein region may facilitate the interaction between the phosphorylation sites and the corresponding phosphotransferases (99) . 101-128) . The backbone models were generated with flexible-meccano (70), and side chains and hydrogen atoms were added with the use of Molmol 2.0 (100). The energy of the models was minimized using Chimera (101) and the electrostatic potentials were computed by using APBS (102) . To see this figure in color, go online. FIGURE 8 Evolutionary conservation of the amino acid sequence (dark gray) and disorder tendency (light gray) of CBP-ID4. The background of the plot corresponding to the two protein regions characterized by a high propensity for a-helix is colored in gray.
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Based on the characterization of CBP-ID4 presented here, which shows that two parts of the polypeptide chain have an intrinsic propensity to adopt a helical conformation in solution, one might speculate about the active role played by this protein region in the communication between different parts of complex proteins or between different partners. It is feasible to consider that both of the transient a-helices identified in CBP-ID4 may promote interactions between CBP and its partners. In addition, the highly flexible parts linking the two partially populated helices may provide complementary functional advantages through their largely exposed and flexible protein backbones.
CONCLUSIONS
The NMR description of CBP-ID4 presented here reveals very heterogeneous structural and dynamic properties of this linker, combining a great extent of structural disorder together with two protein regions characterized by significant a-helical propensities. These findings should lead to a reexamination of the concept of the protein linker, which traditionally has been considered as a mere connection between folded domains but instead may modulate and finetune protein function through heterogeneous structural disorder. This study shows that recently developed NMR methods can overcome potential limitations related to the peculiar properties of linkers (e.g., high proline content, extensive spectral overlap, and fast exchange of amide protons), and may make it possible to achieve atomic-level characterizations of PTMs and the intra-and intermolecular interactions of CBP-ID4, starting with the partners that are known to interact with adjacent folded domains of CBP.
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